Osteosarcoma is the most common type of bone cancer, and accounts for ~3% of cancers that occurring in children. Chondromodulin-I (ChM-
Introduction
Osteosarcoma most often affects the long bones, such as those in the arms and legs, and has an annual incidence worldwide of ~one to three cases per million (1, 2) . It has a bimodal distribution with peaks in the second decade of life and late adulthood, and arises primarily in pre-teens and teens, and is the third most common cancer in adolescence, and the most common primary bone tumor in children (3, 4) . It has been reported that osteosarcoma has a higher incidence in males (5.4 per million males/year) than in females (4.0 per million females/year) (5) . The typical clinical presentation of osteosarcoma includes pathologic fractures, swelling and onset of pain in the affected bone, where the pain is sufficiently intense to wake the patient from sleep. ~15 to 20% of patients will have clinically detectable metastases. The most common site of metastasis occurs in the lung and bone is the second most common metastasis site (6) .
Cancer deaths caused by bone and joint malignancy account for 8.9% of all childhood and adolescent cancer deaths, and the death rates of osteosarcoma have been declining by ~1.3% per year. The overall 5-year survival rate for osteosarcoma is 68%, and the older patients have the poorest survival; however, it is not correlated with gender (5) . Depending on the cancer stage, osteosarcoma treatment includes surgery and chemotherapy (7) . Complete surgical excision and chemotherapy regimens are associated with survival outcome significantly. In addition, tumor staging, tumor size, anatomic location and presence of metastases, as well as local recurrence are important to ensure an optimum prognosis (5) .
Because osteosarcoma cells secrete various growth factors that induce angiogenesis to supply nutrition for their own growth, agents that inhibit angiogenesis are good candidates for antitumor drugs (8) (9) (10) . Chondromodulin-I (ChM-I), a 25-kDa glycoprotein purified from bovine epiphyseal cartilage on the basis of growth-promoting activity for chondrocytes, was recently identified as an angiogenesis inhibitor (11, 12) . Human ChM-I cDNA revealed that the mature protein consists of 120 amino acids and is coded as the C-terminal part of a larger transmembrane precursor (13, 14) . It is reported that ChM-I is a homologous inhibitor and is predominantly expressed in the avascular region of cartilage (15) .
It is well known that ChM-I exerts anti-vascularization action; therefore, it is considered to have antitumor properties (16) . Tsai et al (17) indicated that ChM-I exhibits vascular targeting activity that is associated with the induction of DR5-mediated endothelial cell apoptosis through p53 upregulation, which suggests its potential as an antivascular and antitumor therapeutic agent. Hsu et al (18) reported that CHM-I is a potent inducer of apoptosis, which serves a role in the anticancer activity of CHM-I. However, it has remained unclear whether ChM-I exerts any direct antitumor effect on osteosarcoma cells. Therefore, the present study aimed to evaluate the direct effects of ChM-I on osteosarcoma cells. The current study indicated that ChM-I directly suppresses the proliferation of osteosarcoma cells in vitro, and also inhibits osteosarcoma cell growth in vivo.
Materials and methods
Animals and patients. All animal experimental procedures in this study were approved by the Ethics Committee of the Second Military Medical University (Shanghai, China).
Human articular cartilage used in this study was used to harvest the ChM-I gene, and was obtained from the femoral condyles of patients undergoing knee joint replacement surgery at Shanghai Changzheng Hospital, Second Military Medical University. Written informed consent was obtained from all participants prior to the study. A total of 6 patients were recruited to the present study (male, 65 years). After surgically removing cartilage from the knee joint, the chondrocytes were harvested by enzymatic digestion.
Cell culture. The Saos-2 human osteosarcoma cell line was purchased from the Shanghai Biological Cell Bank, Chinese Academy of Sciences (Shanghai, China). Cells were cultured for 1 week (after 2 passages) in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) in a humidified atmosphere containing 5% CO 2 at 37˚C.
Small interfering RNA (siRNA). siRNA transfection was used to knock down ChM-I mRNA expression in Saos-2 cells. The siRNA sequences used were: 5'-UGG AUUU AUC CUA CAG AUG CA-3'; 5'-CAU CUG UAG GAU AAA UCC AUA-3'. siRNA transfection was performed according to the protocol of a previous study (19) .
ChM-I overexpression. A PcDNA3.1(+)-ChM-I plasmid was constructed to overexpress ChM-I, and a ChM-I cDNA expression vector (pcDNA3.1(+)-ChM-I) was constructed by Shanghai GeneChem Co., Ltd. (Shanghai, China). In brief, the ChM-I gene was generated by polymerase chain reaction (PCR) amplification from cartilage tissue, and the plasmid pcDNA3.1(+)-ChM-I was generated according to the cDNA sequence from GenBank (National Institutes of Health, Bethesda, MD, USA). The plasmid pcDNA3.1(+) was extracted with a Qiagen extraction kit (Qiagen China Co., Ltd., Shanghai, China) according to the manufacturer's protocol. The PCR product was subcloned into the BamHI (Clontech Laboratories, Inc., Mountain View, CA, USA) and HindIII (Clontech Laboratories, Inc.) sites of pcDNA3.1 plasmid by T4 ligase (Clontech Laboratories, Inc.). The recombinant plasmid was transfected into 293T cells using Lipofectamine ® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Adenoviruses were plaque-purified and propagated in 293T cells. The viral lysates were purified and concentrated through two cycles of CsCl2 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) step gradients, and the reconstructed adenovirus was divided into several aliquots and stored at a titer of 1.0x10 9 plaque-forming units/µl at 80˚C according to a previous study (20) .
Reverse transcription-quantitative PCR (RT-qPCR).
RT-qPCR was used to analyze ChM-I mRNA expression levels in the ChM-I overexpression and siRNA groups, according to a previous study (20) . RNA extraction buffer (catalog no. Z3051; Promega Corporation, Madison, WI, USA), the miScript II RT kit (catalog no. 218160; Qiagen China Co., Ltd.) and the Quntititect™ SYBR-Green PCR Reagent kit (Qiagen China Co., Ltd.) were used. The primer sequences for ChM-I were as follows: Forward, 3'-ATC AGC AGG AAG GGG AAA GC-5' and reverse, 3'-TGG TCC CAT CAG CAT CAA CC-5', product size 308 bp. Primer sequences for β-actin were: Forward, 3'-3'-TCC ATC ATG AAG TGT GAC GT-5' and reverse, 3'-CTC AGG AGG AGC AAT GAT CT-5' , product size 161 bp. PCR was performed on the corresponding cDNA synthesized from each sample in triplicate with the GeneAmp 5700 system (Applied Biosystems; Thermo Fisher Scientific. Inc.), according to the manufacturer's protocol. Thermocycling conditions for PCR were as follows: An initial predenaturation step at 95˚C for 15 min, followed by 35 cycles of denaturation at 94˚C for 30 sec, annealing at 50˚C for 30 sec, extension at 72˚C for 1 min and a final extension step at 72˚C for 10 min. mRNA expression levels were normalized to 18S rRNA, and data was analyzed using the 2 -ΔΔCq method (21) .
Western blotting. Western blot analysis was performed to analyze the expression of ChM-I expression in the overexpression and siRNA groups. Total protein from cultured cells were lysed using lysis buffer supplemented with phenylmethylsulfonyl fluoride (1 mM) on ice as described previously (19) . The protein concentration in each sample was determined using a bicinchoninic acid assay kit (Thermo Fisher Scientific, Inc.). A total of 20 µg protein was separated by 10% SDS-PAGE and then transferred to a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% non-fat milk powder at room temperature for 1 h and incubated for 1 h with primary antibodies at room temperature, including a chondromodulin-I antibody (catalog no. NBP1-59348; Novus Biologicals, LLC, Littleton, LO, USA) and a GAPDH antibody (catalog no. NBP300-221H, Novus Biologicals, LLC) at 1:1,000 dilution. After three 10-min washes in TBS with Tween-20, membranes were incubated with secondary antibodies labeled with horseradish peroxidase (catalog no. NBP600-894; Novus Biologicals, LLC; 1:1,000) for 1 h at room temperature. At last, the signals were detected using an Enhanced Chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) and the membranes were scanned and analyzed to determine the protein expression. Image J software version 1.46 (National Institutes of Health, Bethesda, MD, USA) was used for densitometric analysis. The protein expression was normalized to an endogenous reference GAPDH and relative to the control.
DNA synthesis assay. A bromodeoxyuridine (BrdU) incorporation assay was used to assess the proliferation of Saos-2 cells. Cells were harvested with trypsin/EDTA and suspended in DMEM containing 10% FBS. The cells were seeded at 2x10 4 cells/ml into a 96-well plate (100 µl/well) and cultured for 48 h at 37˚C. Following medium replacement with medium containing either 15 or 30 µg/ml recombinant human (rh)ChM-I, 20 µl 1X BrdU was added prior to incubation of the cells for 12, 24, 36 or 48 h at room temperature. Cells were labeled with BrdU during the last 3 h of this incubation. The medium was then replaced with one containing either 15 or 30 µg/ml rhChM-I, BrdU was added, and the cells were cultured for 12, 24, 36 or 48 h. BrdU incorporation by the cells was measured at each time-point using a cell proliferation ELISA BrdU colorimetric kit (catalog no. ab126556; Abcam, Cambridge, UK) according to the manufacturer's protocol, in triplicate. Quantification of BrdU was performed by measuring the absorbance at 450 nm, referenced at 655 nm using a DU 800 spectrophotometer (Beckman Coulter, Inc., Brea, CA, USA).
In vitro cell proliferation assay. A Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) was used to determine cell proliferation as described previously (http://www. dojindo.com). For each group, a 200-µl suspension containing 10 4 cells was added per well into a 96-well plate and incubated overnight at 37˚C. Following this, culture medium was removed and fresh medium (100 µl/well) and 10 µl CCK-8 solution were added, and cells were incubated for 4 h at 37˚C. On days 1, 3, 5 and 7, the absorbance of the supernatant was measured spectrophotometrically at 450 nm (Beckman Coulter, Inc.). Cell counts were determined using a calibration curve and a Nikon E400 microscope (Nikon Corporation, Tokyo, Japan), and the experiments were performed in triplicate.
Cell invasion and migration assays. Transwell (8-µm pore size, Corning Life Sciences, Corning, NY, USA) was use to assessed cell invasion and migration capacity. According to the manufacturer's protocol, 2x10 4 cells suspended in serum-free medium were seeded into Transwell inserts either coated (for invasion assay) or uncoated (for migration assay) with growth factor-reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) (19) . Bottom wells were incubated with complete medium for 24 h, and the invaded cells were fixed with 4% paraformaldehyde and stained with a crystal violet solution at room temperature for 20 min, and the number of penetrating cells was counted using a Nikon E400 microscope (Nikon Corporation).
Scratch wound assay. Cells migration was measured by the scratch wound assay (22) . Cells were plated at a density of 5x10 5 cells to 6-well-plates (Corning Costar, Kaiserslautern, Germany) 24 h prior to the scratch. A cell free area spanning approximately 500 µm in diameter was scratched using a crystal 10 µl pipette tip after 24 h. The wells were washed with medium to remove cellular debris. Cells were incubated with DMEM without FBS. After 24 h, Gap width was measured using ImageJ v1.46 (Wayne Rasband National Institutes of Health, Bethesda, MD, USA).
Colony-formation assay. The colony-formation assay was performed to assess the anchorage-dependent proliferation of cells. The log-phase cells were harvested, and cultured in 6-well dishes as described previously (23) . The number of colonies was stained with Coomassie Brilliant Blue (Sigma-Aldrich; Merck KGaA) at room temperature for 15 min, and the visible colonies were counted after 1, 2 and 3 weeks of incubation under a phase contrast microscope. This assay was performed in triplicate at least.
In vivo tumorigenicity assay. For in vivo assessment of tumor formation, nude BALB/c athymic mice (male, aged 6 weeks, 20 g) purchased from the Shanghai Laboratory Animal Centre (Shanghai, China) were subcutaneously injected with 10 7 cultured human Saos-2 osteosarcoma cells suspended 500 µl sterile PBS in to evaluate the effect of ChM-I on tumor growth in vivo. Once tumors reached a volume of 200 mm 3 , mice (n=6/group) were injected with 5 mg/kg recombinant human (rh)ChM-I (experimental group) or 500 µl PBS (control group). Mice received injections twice a week for 5 weeks. Tumor length and width were measured with calipers over a period of 5 weeks. The tumor volume was calculated as (length x width 2 )/2. The mice were checked daily for up to 3 weeks for tumor formation (24) . Mice were housed at a temperature of 25±12˚C, humidity of 55±5% and 12 h light dark cycle. Food and water were freely available.
Statistical analysis. The data are presented e.g., as the mean ± standard deviation. One-way analysis of variance followed by Tukey's post hoc test was performed to analyze the differences between groups followed by Turkey post hoc test. P<0.05 was considered to indicate a statistically significant difference. SPSS software version 18.0 (SPSS, Inc., Chicago, IL, USA) was used for analysis.
Results

ChM-I expression is upregulated by overexpression and downregulated by siRNA.
As demonstrated by RT-qPCR and western blotting, the expression of ChM-I was increased in the Ad-ChM-I group compared with the control group (P<0.05), while the expression of ChM-I was inhibited significantly by siRNA targeted to ChM-I (P<0.05; Fig. 1 ).
ChM-I inhibits DNA synthesis of osteosarcoma cells. The effect of rhChM-I protein on DNA synthesis in osteosarcoma
cells was evaluated by a BrdU incorporation assay. The results demonstrated that 15 and 30 µg/ml BrdU suppressed DNA synthesis significantly at 24, 36 and 48 h (P<0.05; Fig. 2 ).
ChM-I suppresses tumor growth in vivo.
In order to evaluate the effect of ChM-I on tumor growth in vivo, nude BALB/c athymic mice were injected with human osteosarcoma cells.
Upon reaching a volume of 200 mm 3 , the tumors were injected with rhChM-I protein (experimental group) or PBS (control group). The tumors grew exponentially in the PBS group, while the tumor in the experimental group reduced significantly at 14 days after injection, and were further reduced in a time-dependent manner (Fig. 3) .
ChM-I suppresses cells proliferation in vitro.
To assess the effect of ChM-I on the proliferation of human Saos-2 osteosarcoma cells in vitro, cells transfected with pcDNA3.1(+)-ChM-I and cells knocked down using siRNA were used. The results demonstrated that ChM-I overexpression suppressed cell proliferation ( Fig. 4A; P<0 .05), while ChM-I siRNA enhanced cell proliferation (Fig. 4B; P<0 .05) in vitro.
ChM-I suppresses the colony formation ability of human osteosarcoma cells in vitro.
In order to assess the effects of ChM-I on the growth of osteosarcoma cells, an agarose-based colony formation assay was performed according to a previous study (25) . The results demonstrated that the overexpression of ChM-I suppressed the colony formation ability of human osteosarcoma cells (Fig. 5A; P<0.05) , while ChM-I knockdown enhanced the colony formation ability of human osteosarcoma cells (Fig. 5B; P<0.05) .
ChM-I suppresses osteosarcoma cell migration and invasion.
As presented in Fig. 6 , compared with control cells, cells in the ChM-I overexpression group demonstrated decreased cell migration in the scratch wound assay, while cells in the ChM-I knockdown group demonstrated increased migration ability. The results were further confirmed by a three-dimensional cell migration assay and an invasion assay, which demonstrated that ChM-I overexpression resulted in a significant reduction in the migration and invasion ability, while ChM-I knockdown resulted in a significant increase in migration and invasion ability (Fig. 6 ).
Discussion
Osteosarcoma, the most common bone tumor occurs in children and adolescents, is an aggressive and highly malignant cancer (26, 27) . It occurs slightly more commonly in male than female patients, and has a predilection for the metaphyseal regions adjacent to physes with the greatest growth in the distal femur, proximal tibia and proximal humerus (28, 29) . In ~15-20% of patients, osteosarcoma has spread by the time it is diagnosed (30) . Therefore, early diagnosis and early treatment serves a very important role in the prognosis of patients. Certain methods have been used to cure this disease, such as surgery, and chemo-and radiotherapy, which depends on the stage of tumor development (31) (32) (33) . Angiogenesis is considered to serve a crucial role in tumor growth, tumor propagation and metastasis formation; tumors cannot grow beyond 1-2 mm in diameter without angiogenesis (34) . Therefore, anti-angiogenic drugs and treatments have been developed to inhibit the formation of new blood vessels and block the blood supply of tumors in order to inhibit or cure tumors (35, 36) . It has been reported that ChM-I, a 25-kDa glycoprotein purified from cartilage on the basis of growth-promoting activity for chondrocytes, was recently identified as an angiogenesis inhibitor (13, 14) . ChM-I promotes growth and colony formation of cultured chondrocytes, but inhibits angiogenesis in vitro and in vivo. A previous study demonstrated that ChM-I inhibited vascular invasion into cartilage that was ectopically induced by demineralized bone matrix in nude mice, leading to the suppression of replacement of cartilage by bone in vivo (13) . Klinger et al (37) revealed that adeno-associated virus (AAV) vectors carrying ChM-I complementary DNA (AAV-ChM-I) efficiently produced ChM-I, which had strong antiangiogenic effects, as verified by the inhibition of tube formation of endothelial cells. Additionally, previous studies have demonstrated that ChM-I exerts an antitumor effect, which may be based on the effect of angiogenesis inhibition (16, 38) . However, to the best of our knowledge, no previous studies have demonstrated the effect of ChM-I on osteosarcoma. Therefore, the present study aimed to determine the possible direct antitumor effects of ChM-I in osteosarcoma.
The results demonstrated that ChM-I not only has the ability to suppress angiogenesis, but also to suppress tumor cell proliferation in vitro and inhibit tumor growth in vivo. Zhang et al (19) also reported that ChM-I functions as a tumor suppressor in gastric adenocarcinoma, which indicated that ChM-I is a potential tumor suppressor in gastric cancer, suggesting that it may be useful as a biomarker for the treatment and prognosis of gastric cancer.
In the present study, the results of the BrdU incorporation assay demonstrated that ChM-I inhibits DNA synthesis of osteosarcoma cells. ChM-I was demonstrated to exhibit antitumor effects based on direct inhibition of tumor-cell growth. The results of the CCK-8 assay indicated that overexpression of ChM-I inhibited the proliferation of human osteosarcoma cells significantly, while ChM-I knockdown enhanced the proliferation of human osteosarcoma cells. The direct antitumor effects of ChM-I on human osteosarcoma cells were further proven by a colony formation assay. The agarose-based clonogenic assay demonstrated that ChM-I inhibited the proliferation of osteosarcoma cells significantly. In a study by Shao et al (20) , they transfected ChM-I into human breast cancer cells, and observed that it inhibited the growth of human breast cancer cells. In the present study, the in vivo xenograft study demonstrated that ChM-I inhibited osteosarcoma growth in nude mice. The anti-cancer efficacy of ChM-I may be due to its marked impact on the tumor microenvironment with additional direct suppression of tumor cell proliferation, which has been demonstrated to be exerted via activation of transforming growth factor β in tumor cells overexpressing this protein (39) .
In conclusion, the present study demonstrated that ChM-I exerts antitumor effects by directly suppressing the proliferation and growth of osteosarcoma cells. The direct antitumor effects and anti-angiogenic effects make ChM-I a promising potential drug in treating osteosarcoma.
